ABSTRACT Limb amputation creates serious emotional and functional damage to the one who lost a limb. For some upper limb prosthesis users, comfort and appearance are among the desired features. The objective of this paper is to develop a streamlined methodology for prosthesis design by recreating the shape and size of an amputated arm with high accuracy through 3-D printing and silicone casting. To achieve this, the computer tomography (CT) images of the patient's affected and non-affected arms were scanned. Next, the geometry of the socket and the prosthetic arm were designed according the mirrored geometry of the non-affected arm through computer-aided design software. The support structure and the moulds were 3-D printed, and the prosthetic arm was casted with a silicone material. To validate the replication, the shape of the socket and prosthetic arm were quantitatively compared with respect to the source CT scan from the patient. The prosthetic arm was found to have high accuracy on the basis of the Dice Similarity Coefficient (DSC; 0.96), percent error (0.67%), and relative mean distance (0.34 mm, SD = 0.48 mm). Likewise, the socket achieved high accuracy based on those measures: DSC (0.95), percent error (2.97%), and relative mean distance (0.46 mm, SD = 1.70 mm) The liner, socket, and prosthetic arm were then shipped to the patient for fitting. The patient found the fit of the socket and the replication of the shape and the size of the prosthesis to be desirable. Overall, this paper demonstrates that CT imaging, computed-aided design, desktop 3-D printing, and silicone casting can achieve patient-specific cosmetic prosthetic arms with high accuracy.
I. INTRODUCTION
The World Health Organization estimates that individuals with physical disabilities who need prosthetics or orthotic devices represent 0.5% of the population [1] , [2] . With the combined population of Asia, Africa, Latin America, and the Caribbean to be around 6.3 billion at this time [3] , those who need such devices in the developing countries are estimated to be around 31 million individuals. In addition to this, the recent wars in some parts of the world have resulted in another 1 million injured people and around 8% of them need prostheses or orthoses [4] . This equates to around 80,000 additional individuals who need such devices to help them in their dayto-day activities.
The cost of upper limb prosthetics that are being developed for industrialized countries is quite high by global standards. The price of body-powered prostheses range from $4,000 to $50,000, while the price of the externally-powered ones cost from $25,000 to $50,000 [5] . A sudden shift in the cost to produce prosthetic devices can be attributed to the expiry of the first patent on Fused Deposition Manufacturing (FDM) in 2007 [6] . Since then, we have seen a wide availability of consumer-grade desktop three-dimensional (3D) printers, which cost around $250 to $2,500. 3D printing is the layerby-layer deposition of material to construct parts from a 3D computer graphics model [7] . There have been rapid applications of 3D printers for electronics manufacturing [8] - [10] and biomedical engineering [11] - [13] , among others. The ubiquity of 3D printers has democratized the manufacturing of prosthetics for augmenting physical disabilities [14] . Upper limb prosthetics can now be produced with the cost of production ranging from $300 to $2,000.
In a survey on 242 upper limb amputees [15] , the participants selected fit, lifelike appearance, cost, and color as the highest design priorities for passive artificial hands. For electric hands, the participants selected glove durability, cost, sensory feedback, and lifelike appearance. For body-powered hooks, they selected comfort, cost, movement, grip strength, and fit. One of the key findings of that survey is the amputees' demand for a more natural, lifelike appearance for those using either passive or electric prosthetic hands. For body-powered hooks, increased comfort on the harness or strap was the highest priority.
The more commonly-available 3D printed designs are for body-powered prostheses for below-elbow upper limb amputation. The 3D printed design approach was made possible due to the open access movement in various communities [16] , [17] . To determine the sizes of the prosthetic hands, the designers request photographs of the affected and non-affected parts of the amputee's arm. Software (e.g. Blender software) is used to approximate the size of the prosthetic arm relative to the missing arm. The prosthetic arm design is then 3D printed and sent to the patient. For the electric powered prosthetic hands, users select available sizes online (i.e. small, medium, large). The motors and the actuation system are typically built into the structure; thus, approximating the hand size of the patient requires additional design effort. Lastly, passive prosthetic hands are being constructed by getting the amputee to immerse his/her nonaffected hand in an alginate mixture (e.g. Alja-Safe, SmoothOn Inc, PA, USA) to get a negative mould of the hand. Silicone rubber is used to get a cast of the desired shape. The constructed part is then 3D scanned. Solid modeling software (e.g. SolidWorks, CATIA) is used to get a mirror image of the desired hand, which is then 3D printed for the amputee [18] , [19] .
In an earlier study where 3D printed upper limb prosthetics were reviewed [5] , it was reported that the users desired the following features: anthropomorphic appearance, functionality, comfort, and durability. Some examples of 3D printed prosthetic hands are shown in Table 1 . In Arabian et al. [20] , prosthetic hand designs were shown to 14 amputees in Jordan and Haiti (the first 4 3D printed hands in Table 1 ). After selection, the authors printed the selected prosthetic hands and fitted these to the participants. They found that the selected 3D printed prosthetic hands did not meet the aesthetic expectations of the amputees even for the hands that were initially seen to be desirable in the photographs. Additionally, the cultural backgrounds of the participants that were selected were said to be more aesthetically sensitive. Thus, the 3D printed prosthetic hands were rejected.
Murray [21] stated that the use of prosthesis plays a social role where the use of prosthetics help ward off the social stigma that is associated to the loss or absence of limbs. Rather than conceal the usage of prosthesis, the current designs of 3D prosthetic hands attracted attention. Current 3D printed prosthetic hands still do not fully address the desired requirements of the amputees. An appealing look of a prosthetic hand should include the mimicry of the general aspects of the human hand [22] - [25] . The prerequisite features are lifelike shape, size, color, and aesthetic details (e.g. pores, hair, etc). The industry for the rehabilitation of upper limbs and the movie-making industry have generated impressive results in replicating color and fine details [26] , [27] .
This paper presents a technique to construct patientspecific upper limb prosthetics with high accuracy shape, along with the size to replicate a patient's missing arm. Moreover, the method does not require the physical presence of an amputee for measurements and for the design process. The next section describes a procedure to replicate the missing arm using the mirrored version of the non-affected arm using computer tomography (CT) images. The socket, moulds, and the supporting structures were designed using computer-aided design methods. We elaborate the process where the moulds were 3D printed and silicone material was casted on it to replicate the shape and size of the missing limb. Section III presents the quantification of the replication accuracy. Lastly, Section IV discusses the potential of this technique for affordable lifelike prosthetics and concludes the work.
II. MATERIALS AND METHODS

A. PARTICIPANT
A 26-year old woman underwent an amputation due to a car accident. The amputation below the elbow of the left arm was immediately performed after the accident. The residual limb was about 93 mm in length measured from the elbow joint's crease. Regular dressing was applied to the stump. The stump healed after three months.
The patient completed the self-report module on Orthotics and Prosthetics Users' Survey (OPUS) Quality of Life Index [28] . On the question on ''How much does your physical condition restrict your ability to do paid work?'', the patient replied ''excessively''. For all the questions below, the patient's reply was ''a great deal''.
• How much do you keep to yourself to avoid people's reactions to a missing body part or your need for a device?
• To what extent do you accomplish less than you would like because of your physical condition?
• How much does your physical condition restrict your ability to run errands?
• How much does your physical condition restrict your ability to pursue a hobby?
• How much does your physical condition restrict your ability to do chores?
• To what extent have you cut down on work or other activities because of your physical condition?
The attending clinician recommended a prosthesis for improving appearance and for accomplishing the tasks of daily living. Through email communications to the design team, the patient expressed her initial need for a cosmetic prosthetic arm due to the cost considerations for a more advanced prosthesis.
B. ETHICS
The procedures for this work did not include invasive or potentially hazardous methods and were in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). Written informed consent was granted by the patient for the publication of the CT images and photographs. The patient also agreed to the sharing of the CT scan data of her arm to be made available for research purposes.
C. DATA ACQUISITION
To acquire data for the design of the prosthetic arm, CT images were taken from the patient's affected and nonaffected arms. The patient's data were acquired with a helical CT scanner (Somatom Definition AS, Siemens, Germany) at a hospital in Kampala, Uganda. The scanning parameters that were selected were: 130 kV, 70 mA, 0 gantry tilt, and 1 mm per second image slice thickness. The CT images were saved as Digital Imaging and Communications in Medicine (DICOM) format. The patient asked someone to send the CT scan data to the design team through cloud storage services. The DICOM files were imported to Mimics Innovation Suite (v19, Materialise, Belgium) for image processing and visualization of the patient's data in 3D geometry. The various anatomical views of the affected and affected arms are shown in Fig. 1a and 1b, respectively.
For validation purposes, another set of CT images (Fig. 1c ) were taken after the prosthetic arm was constructed to compare the participant's arm and the replicated arm. The constructed prosthetic arm was scanned with a helical CT scanner (Somatom Drive, Siemens, Germany) at a hospital in Doha, Qatar. The scanning parameters were as follows: 120 kV, 60 mA, 0 gantry tilt, and 1 mm per second image slice thickness.
Alternatively, the patient's data can be acquired from portable 3D scanners. In terms of accuracy, portable 3D scanners (e.g. Eva, Artec3D, Luxembourg) and CT scanners can both provide resolutions below 1 mm, which is suitable for lifelike prosthesis. On the practical side, patients from low-resource countries may not have access to portable 3D scanners. The lowest priced models cost around $10,000. In comparison, hospitals already provide CT imaging services and a body scan costs around $350. For our purposes, obtaining the patient's measurements using a CT scanner was more appropriate.
D. DESIGN AND FABRICATION PROCESS FOR THE PROSTHETIC ARM
The patient's CT data were imported to a 3D modeling software (3-Matic, v10.0, Materialise NV, Leuven, Belgium) for visualization and editing ( Fig. 2a and 2b ). This was valuable to develop the design strategy for the replication of the arm's geometry. The software was used to create a mirror image of the right arm to the left arm (Fig. 2c) . To obtain an accurate anatomic position of the missing left forearm, the remaining radius and ulna bones were used as reference markers for the mirrored left forearm.
A structural support was designed ( Fig. 2d ) to prevent the arm from being excessively deformable after the casting of the silicone material. Additionally, this part served as a structural support for the fingers. For this support structure, it was not necessary to replicate the radius and ulna bones. Hence, a single shaft was designed. Fig. 2e shows the fourpart computer model of the mould, which allowed us to create a one-piece arm with the build volume limitations of a desktop 3D printer (Replicator 5 th Generation, MakerBot Industries LLC, Brooklyn, NY, USA; 29.5 × 19.5 × 16.5 mm 3 ).
The 3D printed skeleton of the hand, the arm, and the fourpart split mould are shown in Fig. 2f . The assembled mould and skeleton structure are shown in Fig. 2g with bolts and nuts to fix them in place. The mould provides a cavity for the liquid silicone material (Dragonskin, Smooth-On Inc, PA, USA) to be poured. The silicone cured after 24 hours at room temperature. The prosthetic arm is shown in Fig. 2h . It took 5 days to complete the prototype. The cost of the expended filament and the silicone material is around $20. Henceforth, we will refer to the mirrored version of the uninjured arm as the patient's arm.
E. DESIGN AND FABRICATION PROCESS FOR THE SOCKET
The socket serves as the interface between the prosthetic arm and the stump (i.e. the remaining part of the amputated limb). Analogous to wearing socks, the patient wears a liner (Icecross, item I-012426.5, Össur, Reykjavik, Iceland) before wearing the socket. A shuttle lock mechanism (Icelock 600 series, item L-621000, Össur, Reykjavik, Iceland) was then selected to connect the socket to the prosthetic arm. The main goals for the design and fabrication of the socket are firstly, to achieve functional movement of the elbow and secondly, to achieve comfort when the socket is worn. For the requirement of providing functional movements, the range of motion was considered for the flexion and extension of the elbow and to design the socket to allow unconstrained movements. For the requirement on comfort, the socket needs to have a snug fit on the stump so as to prevent the prosthetic arm from falling off. The stump and the elbow joint can be visualized from the semitransparent view of the patient's amputated arm in Fig. 3a . This requires that the socket design needs to have a U-shaped opening at the elbow joint at around 60 mm distance from the tip of the stump for flexion and extension. The CT data in DICOM format were converted to stereolithographic (STL) file format (Fig. 3b) . Using the data from this file, the arm was then 3D printed ( Fig. 3c) to physically recreate the patient's stump for fabricating the socket. The 3D printer used was a relatively low-cost desktop printer (Replicator 5 th Generation, MakerBot Industries LLC, Brooklyn, NY, USA). The printing resolution of the machine is 0.1 mm.
Combined with the 3D printed model of the stump, the socket was fabricated using traditional methods [29] , [30] . A positive mould of the stump (Fig. 3d ) was created to attach the ratchet. The mould was constructed using gypsum powder (Qatar Gypsum Products Factory, Doha, Qatar). With the mould replicating the stump's shape and the shuttle lock mechanism in place, a soft, flexible, and washable material was selected for the socket ( Fig. 3e ; Thermolyn Supra, item 616T111 = 9, Otto Bock Healthcare, Duderstadt, Germany). The material was heated in an oven to 175 • C temperature. After heating, the material was moulded to the cast and was allowed to cool at room temperature. This resulted to a socket with high surface quality. The whole fabrication process for the socket took 1 day to complete as this is a standard process in prostheses and orthoses fabrication. The assembly of the liner and the socket is shown in Fig. 3f . The patient will wear the liner. The threaded part at the liner's tip will be inserted through the socket. The thread will then lock the prosthetic arm in place. The total cost of the mechanism, expended 3D printer filament, and materials is around $960.
F. EVALUATION FOR THE PART ACCURACY
To evaluate the geometric accuracy of the constructed prosthetic arm and the socket, the CT scanned images were compared with the CT data from the patient. This process required that the models were digitally superimposed with one another. The models were geometrically matched using the Global Registration feature of the design software (3-Matic, v10.0, Materialise NV, Leuven, Belgium). Since the calculations only required that the external geometries are compared, all the spaces occupied by the bone and internal structures were filled up in the computer model.
Three similarity measures were used. First, the Dice Similarity Coefficient (DSC) was employed. Also known as the coefficient of association, this measure shows how two entities overlap [31] . This overlap can be obtained by using a Boolean intersection operation between two part models. The DSC was calculated as:
where V 1 is the part volume from the patient's CT data and V 2 is the part volume from the prosthetic arm or the socket. A DSC of 1 shows that the two geometries are identical. The second similarity measure is the percent error, which is the difference between the mirrored CT scan data from the unaffected arm of the patient and the prosthetic arm or the socket as a percentage of the CT scan data from the unaffected arm. This can be seen as the excess material. Percent error was calculated as:
where V 1 is the volume of the mirrored image of the patient's data and V 2 is from the prosthetic arm or the socket. V 3 is the volume of the excess material from either the prosthetic arm or the socket. For the prosthetic arm, the Boolean subtraction operation was done for the volume of the uninjured arm versus the volume of the prosthetic arm. For the socket, the Boolean intersection operation was done to obtain the spatial overlap between the volume of the stump and the socket. A small percent error indicates close similarity between the two parts that are being compared. The last similarity measure is based on distance measurements, where the relative distances of the geometric elements of the prosthetic arm were compared with the human arm. A part comparison analysis was done using 3-Matic (v10.0, Materialise NV, Leuven, Belgium). The software calculates the point-by-point descriptive statistics for central tendency (mean and median) and dispersion (standard deviation, minimum and maximum values). 
III. RESULTS
The geometry of the prosthetic arm and the socket were quantitatively compared with respect to the CT scan from the patient. The liner, socket, and prosthetic arm were then shipped to the patient for fitting for the evaluations for comfort and appearance. 
A. PROSTHETIC ARM ACCURACY
The prosthetic arm was designed according to the mirrored geometry of the non-injured arm. To determine the accuracy of replicating the non-affected arm, we selected the region of interest (ROI) in Fig. 4a . The region near the socket can be neglected due to the additional material. Table 2 shows the volume data collected for the arm and socket models for the patient and for the constructed prosthesis. Table 3 provides the calculated and measured sets of data using DSC, percent error, and distance measurements.
The model of the patient's arm has a volume of 813.79 cm 3 while the prosthetic arm has a volume of 817.19 cm 3 . For the calculation of the DSC (Eqn. 1), both models were superimposed (Fig. 4b) . The Boolean intersection operation was done to obtain the shared volume between the two models. This resulted into a volume of 779.91 cm 3 . The proposed method shows a high DSC value of 0.96 (Table 3) , which implies that the prosthetic arm is in close agreement with the mirrored image of the patient's injured arm.
To know where the errors came from, we used a Boolean subtraction operation to investigate the excess material between the prosthetic arm and the patient's CT model of the mirrored image of the non-affected arm. The Boolean subtraction yielded a difference of 5.46 cm 3 . The excess material, which was represented as a percent error (Eqn. 2), is equivalent to 0.67%. The excess materials were mostly at the distal parts of the fingers (Fig. 4c) .
A part comparison analysis feature of the software was conducted to determine the various distance measurements of the prosthesis in comparison to the CT data of the human arm. The various representative views of the prosthetic arm model show the locations of the excess material (Fig. 4c) .
The region shown in red shows the maximum distance of the prosthetic arm from the human arm (i.e. the prosthesis is slightly larger than the human arm). The distal phalanges of the thumb, index, and little fingers show the largest distance to be 1.44 mm. The negative distance of −2.17 mm implies that there are elements (i.e. data points) from the prosthetic arm that are smaller than the elements from the human arm. Fig. 4d shows the chart showing the number of elements and the corresponding distance between the prosthetic arm and the human arm. The mean distance is −0.34 mm (SD = 0.48 mm) while the median distance is −0.32 mm.
B. SOCKET ACCURACY
Similar to the prosthetic arm, the prosthetic socket and the stump were quantitatively compared using DSC, percent error, and the distance measures ( Table 1 ). The ROI for the analysis of the socket's replication accuracy was determined to be the region below the U-shaped opening for the elbow flexion and extension ( Fig. 5a ; also refer to Fig. 3f ). This was approximately located at a measurement distance from the tip of the socket up to 60 mm linear length.
The shared volume between the two part models were necessary to calculate the DSC (Table 2) . Thus, a new part was created to fill up the open cavity of the socket (Fig. 5b) . A Boolean intersection operation was done for us to inspect the volume where this new part intersected with the patient's stump. With the patient's stump having a volume of 306.48 cm 3 and the cavity's volume to be 319.46 cm 3 , the DSC was calculated to be 0.95 (Table 3 ). This suggests that the fabricated socket will be able to accommodate the patient's stump due to the high similarity in the space that they both occupy.
To determine the locations where there are high errors or differences, we determined where the volume of the patient's stump overlapped with the socket. Thus, the Boolean intersection operation was done (Fig. 5c) . With the patient's stump (light brown) having a volume of 306.48 cm 3 and the socket's volume (light gray) to be 319.46 cm 3 , the intersection volume was 9.09 cm 3 (green). This represents a 2.97% error in volume of the stump that overlapped to the socket (Eqn. 3).
The part comparison analysis (Fig. 5d) shows a maximum distance of 5.07 mm and a minimum distance of −4.41 mm. The maximum distance corresponds to the distance of the stump that overlapped to socket (shown at the elbow region, dashed circle) while the minimum distance is the space created (shown at the bottom and at the right side views). Fig. 5e shows the chart showing the number of elements and the corresponding distance between the patient's stump and the socket. The mean distance is shown to be −0.46 mm (SD = 1.70 mm) and the median distance is −0.35 mm. The concentration of the elements can be found at the zero distance because the volume of the stump and the socket were superimposed and were directly overlapping (cf. 5c). Depending on the patient's preference, liners will allow a snug-fitting socket. Commercially-available liners can be 2-4 mm in thickness. A liner with 3 mm thickness was provided to the patient (Icecross, item I-012426.5, Össur, Reykjavik, Iceland).
C. LINER FITTING AND PROSTHESIS ASSEMBLY
The liner, socket, and the cosmetic prosthetic arm were shipped to the patient. Fig. 6a shows the liner being worn by the patient. The threaded part was inserted through the socket to lock it using the shuttle lock ratchet. The full prosthetic arm assembly is shown in Fig. 6b . To remove the prosthetic arm, the shuttle lock button is pressed to release the thread. In Fig. 6c , the patient compared the length of the prosthetic arm with the non-affected arm. The shape and size of the prosthesis were compared with the uninjured hand at the volar (Fig. 6d) and dorsal sides (Fig. 6e) .
D. PATIENT SATISFACTION SURVEY
The participant was asked to complete the OPUS self-report module on the Satisfaction with the Device [28] . On the question on appearance (i.e. My prosthesis looks good), she replied ''neutral''. On comfort-related questions below, the patient gave replies of ''agree''.
• My prosthesis fits well.
• It is easy to put on my prosthesis.
• My prosthesis is pain free to wear. The method proposed in this work was able to address the issues related to comfort. While the shape and contours of the patient's arm were replicated with high accuracy, the patient mentioned that the coloration is also important for her; hence, she gave a neutral reply to the question on appearance. She said she would also have liked the prosthesis to be lighter in weight.
IV. DISCUSSION AND CONCLUSION
The loss of limbs due to war or accident creates a pronounced change in an individual's appearance. Such changes completely alter one's body image or one's perceptions, attitudes, beliefs, and dispositions toward one's own body [32] . A mismatch between one's ideal body and an altered body can create a negative body image resulting to negative effects on one's social skills [33] , confidence and motivation [34] . Other reported effects are depression, feelings of hopelessness, feelings of low esteem, anxiety and sometimes suicidal thoughts [35] . Even when the mental and physical capacities to normally function are retained after amputation, some individuals still desire to make additional changes in their body to conceal or mask the loss of a body part [36] .
The present work proposed a method for replicating the missing arm's shape and size that could be a step to address body image issues. The prosthetic arm was constructed by acquiring CT scans of the patient's affected and non-affected arms. The scanned data was digitally manipulated with Computer Aided Design software. The moulds were 3D printed and silicone material was used to cast the shape of the arm. Through these techniques, an accurate recreation of the amputated limb was made possible. For the arm, the Dice Similarity Coefficient (DSC) showed a result of 0.96, which indicate that the volume of the prosthetic arm is close to the volume of the mirrored image of the patient's uninjured arm.
The excess material corresponded to a 0.67% error in volume. This difference in volume corresponds to a maximum distance of 1.44 mm and a minimum of −2.17 mm in selected locations of the prosthetic arm. The central tendency indicators show that the mean distance between the prosthetic arm and the human arm is −0.34 mm (SD = 0.48 mm) and the median value is −0.32 mm. Both of these indicators approach 0 mm, implying a minimal difference in distance measures between the prosthetic arm and the human arm. For the socket, the DSC was 0.95 indicating that there is a close similarity when the stump was fitted with the open space in the socket. The volume of the stump that overlapped with the socket corresponded to a 2.97% error in volume. In terms of thickness, the overlap was reported to be 5.07 mm. However, other regions of the socket have available space for the displaced tissue to occupy. This corresponds to a distance of −4.41 mm from the stump to the available space at the wall of the socket. The mean distance between the socket and the stump is −0.46 mm (SD = 1.70 mm) and the median is −0.35 mm. Likewise, these values approach 0 mm, indicating that there is a minimal difference between the socket and the stump. With submillimeter resolutions of the CT scanners (Somatom, Siemens, Germany) and the 3D printer (Replicator 5 th Generation, MakerBot Industries LLC, Brooklyn, NY, USA), the errors could be attributed to the errors in the design itself or to the shrinkage of the silicone material.
The design and fabrication methods described in the present work have distinct advantages over other traditional methods and over 3D printed designs. First, the patient has to visit the hospital once for a CT scan to be done. The patient does not have to get measured by the prosthetists or designers because the measurements are directly taken from the CT data. This approach allows the patient to be minimally exposed to the public. It was reported that those who lost limbs want to avoid unpleasant situations in public [37] . Second, there is no need for using digital photographs for scaling the prosthetic hands or arms. That approach can result in numerous errors from the depth of focus and lighting from the way the photos were taken. Designing the socket using the traditional approach would take several attempts to achieve acceptable results.
Lastly, the 3D printing fabrication method is highly suitable for one-off patient-specific prosthesis. There are different levels of amputation and there is no one-size-fits-all prosthesis. The associated direct cost of the materials and the consumed 3D printer filament was around $20 for the arm. The socket and the liner costs $960. These were more expensive because the materials selected ensured a more comfortable fit. When compared to the costs of high-technology prostheses (i.e. around $4,000 to $50,000), the incurred cost in our proposed method can make prostheses more affordable for underprivileged individuals. The affordable cost and the speed of production of 3D printing are suitable to create multiple prosthetic devices for a patient. For instance, the first prosthesis can be made immediately after the amputation, where a prosthesis can help lessen the impact of an altered body image. The succeeding prostheses can serve other purposes that an amputee would prefer depending on his/her stage of coping. For example, one set of a patient's prosthetic arm might be aimed for better appearance while another would be more mechanical looking, which is aimed for activities of daily living or for sports.
Future work includes the reduction of weight of the prosthesis. From earlier studies by de Leva [38] , it was estimated that a female with a body mass of 61.9 kg will have a combined forearm and hand mass of 2.23% of the body mass. The current patient has a body mass of 63.9 kg and by proportion, the patient's combined forearm and hand mass is approximately 2.3% of her body mass, which is around 1.47 kg. The prosthetic arm and socket have a combined mass of 1.06 kg as measured by a precision weighing scale (LPG-2102i, VWR Intl LLC, USA). Although the prosthesis is 27.89% lighter, reducing the mass further is possible because we have the ability to manipulate the geometry of the prosthesis; hence we can optimise the volume of the materials to be used. For instance, air pockets can be introduced in the design to increase the skin compliance while reducing material volume [36] .
Affordability will make prosthetic devices part of an amputee's wardrobe. As technology advances and the costs reduce, the prosthetic arms that the amputees can have in the future can have features for social interactions. For example, some of the early prosthetics have embedded tactile sensors [39] - [42] or lifelike warmth [43] , [44] and softness [45] , [46] , which are meant for perceiving touching and being touched. The present design lays the foundation for advancing 3D printed prosthetic arms and to which these embellishments can be provided in the future. VOLUME 6, 2018 
